The time expansion chamber (TEC), a new type of drift chamber, allows the measurement of microscopic details of ionization. The mean drift time interval from subsequent single ionization clusters of a relativistic particle in the TEC can be made large enough compared to the width of the anode signal to allow the recording of the clusters separately. Since single primary electrons can be detected, the cluster counting would allow an improved particle separation using the relativistic rise of primary ionization. In another application, very high position accuracy for track detectors or improved energy resolution may be obtained. Basic ionizatioh phenomena and drift properties can be measured at the single electron level.
Introduction
It is by now a common observation with multiwire proportional and drift chambers, that the signal waveform changes as a function of the distance between the particle trajectory and the anode wire. The most pronounced change is observed (for a particle trajectory perpendicular to the wire plane) when the particle passes at or very near the anode wire. The rise time becomes slower since the ionization distributed along the track arrives at the anode wire in a sequence given by the drift time. If the detector is operated as a drift chamber, it was found that the position resolution for tracks close to the anode degrades. In the early work on drift chambers1'2'3 this effect has been discussed in detail. The effect was explained by the stochastic nature of the ionization in a number of ionization clusters along the track. The measured space resolution was found to be in agreement with calculations using the number of clusters obtained with the "inefficiency method", an independent measurement.
In turn, the effect in the drift chamber has been used to determine the number of clusters in different gases and some results are also given in Ref. 4 .
If a fast, current-to-voltage amplifier is used, the anode current is observed showing a structure with several maxima which is explained by the statistical fluctuation of the primary ionization (see e.g., Ref.
5).
It has been realized that counting the number of clusters would greatly improve the high energy particle identOf cation based on the relativistic rise of energy loss. ' The reason is that most of the relativistic rise of energy loss observed in a counter is due to the increase of the number of collisions and only ,ittle due to the change of energy loss in a single collision which corresponds here to the amount of ionization in one cluster. The 
Principle of the Time Expansion Chamber
In the TEC, the drift region is well separated from the amplification region, such that a low field can be maintained in the drift region while a normally high field is obtained in the amplification region (Fig. 1) . With the chdice of a suitable gas, the drift velocity in the drift region can be considerably lower than in the amplificatioti region. In this way, the clusters of a track crossing the chamber approximately parallel to the drift field arrive at the grid in time intervals larger than in an ordinary chamber. Since the anode signal has not been slowed down, a relative time expansion has been achieved.
For best results, a number of parameters have to be optimized and some constraints on operating conditions are imposed. These parameters are given in the following list:
1. electron attachment in the low field region; 2. diffusion of clusters; 3. dependence of drift velocity on E/p; 4 . number of clusters produced per cm of gas; 5. sharpness of transition from the low field region to the high field region, Most points are related to the choice of gas, geometry, and the voltages applied.
The attachment has been studied in drift chambers, with long drift spaces (see e.g.., ISIS7,8, TPC9s13). It has been found that the attachment to electronegative impurities (probably 02) is correlated to the mean agitation energy of the electrons e such that the attachment coefficient k increases with E decreasing. Since it is believed that the attachment process needs a catalyst (e.g., the quenching gas), one would expect the life time T of a free electron drifting in a gas with an oxygen concentration Ll and a quencher concentration a2 to be described by
This formula suggests that T does not depend on the drift field once k(e), al and cL2 are given. In other words, one can operate at low drift velocity and low U.S. Government work not protected by U.S. copyright.
drift field as successfully as in high fields if the time scale is the same. Free electron life times of the order of T z 100 pls have been achieved for e only slightly higher than the thermal value in ordinary long drift distance counters and, therefore, in a TEC the attachment should be of no particular problem since the maximum drift time will be of the order of a few ts. Clearly, the correlation between k and £ may be more complex and more work is needed to clarify this point.
For a constant drift velocity vdr, a mean electron energy E, the drift field E, and a drift path s, the diffusion is given by
This formula suggests a gas giving the smallest possible £(e~0.037 eV at room temperature) at the highest possible E. The latter has to be optimized with regard to the drift velocity obtained. For the qualitative discussion, it is sufficient to use the Townsend equation for the drift velocity,
where E in [V/cm], p in [Torr], Q the cross section in [10-16cm2] and e in [eV] .
In order to obtain a low drif t velocity at not too small a field, Q has to be large. On the other hand, at the 5 to 10 times higher field in the detection region, a considerably higher drift velocity is desired, which is best obtained by decreasing Q( ). Such a situation is given for gases showing the Ramsauer effect in the energy region below the minimum. Pure CH4 would be a good choice, but for reasons connected to the gas amplification this gas did not work satisfactorily. Therefore, a mixture of Ar showing a strong Ramsauer effect and thermalizing molecular gas CH4 + CH2(OCH3)2 has been chosen, yet one has to be careful not to wash out the Ramsauer effect since the total cross section enters in Eq. (3).
For the first exploitation of the TEC, the gas has also been chosen such that a good detectable, not too large a number of clusters/cm is produced. According to Ref. 4 , the density of the quenching gas was kept small.
The requirements for the grid are easy to fulfill. Since the field in the detection region is much stronger than in the drift region, the transparency for electrons is, by definition, high. In order to avoid uncontrolled time spread in the grid region due to the modulation of the field strength, the wire spacing has been chosen to be of the order of the spatial dimension to be resolved, i.e., the mean cluster distance of about 0.6 mm. Clearly, a mesh can be used as well for large chambers where the narrow wire spacing is impractical because of electrostatic forces.
The gap width of the detection region is smaller than in usual chambers in order to speed up the anode signal and reduce the amount and the time of arrival of the primary ionization released in this gap. This part of the signal (the first 40 ns) must be suppressed in our measurements.
Measurements
In order to reproduce anode current signals with low noise, a common base input stage has been used as described in Ref. 5 , which has been modified to obtain a better rise time (T = 4 ns). Figure 2(a) shows the response to soft x-rays from a 55Fe source absorbed in the detection region. The signal has a remarkably fast trailing edge and with a slight differentiation a base width of less than 20 ns can be obtained. This has been achieved using an anode wire with a diameter of 7 nm. Figure 2(b) shows the same ionization, but for x-rays absorbed at the far end of the drift region for a high drift field (0.5 kV/cm). The time scale and sensitivity are changed by a factor of two and one half, respectively. Thus, the integrated signals allow a direct comparison, indicating within the accuracy of this method, no loss of ionization during the drift or at the grid. Comparison of the signals in Fig. 2(a) and Fig. .3(d) , the latter obtained for a much smaXler drift field (1q V/cm), still shows no losses. Remarkable is the decompqsttion of the signal into a number of single peaks at low field ( Fig.  3(d) ). Some of the peaks may be attributed to single electrons. The successive spread in width of the signals shown in Fig. 3(a)-(d) is attributed to diffusion and to the decrease of the drift velocity. With correction for the change of vdr, the diffusion parallel to the electric field is deducted (Fig. 4) . Even at very low drift fields, the spread of an ionization cluster remains small compared to the mean distance of subsequent clusters.
The characteristic energy 6k = D/kt has been calculated and is shown in Fig. 5 as a function of E/p. For E/p = 0.26, Ek is just slightly above the thermal value as expected for this gas mixture. Figure 6 shows the response to n-rays from a 90Sr source crossing the chamber parallel to the drift field. The trigger is the signal from a scintillator behind the detection region selecting minimum ionizing particles.
The sequence of individual signals during 1 Ps is due to the consecutive arrival of ionization clusters from the drift region. The signal from the ionization in the detection region arrives earlier and it is not displayed.
The timing of the last visible cluster has been used to determine the drift velocity. Figure 7 shows the result as a function of E/p. For E/p = 0.26 V/cm Torr, a drift velocity of vdr = 0.95 cm/Ps is obtained.
The drift velocity in the saturation region is vdr sat= 4.6 cm/As, giving a time expansion factor of 4.8. Fig. 6(a) Table I ). The mean number n of measured clusters per track is shown in Fig. 8 as a function of the threshold. The unit is in equivalent electrons calculated using the pulse height for the 55Fe-peak as discussed above.
The statistical spread of n has been measured by recording the frequency of the occurrence for a certain n in single events for the lowest threshold (Fig. 9 ). Figure 8 shows the integral size distribution of clusters, i.e., the number of clusters greater than a given size n. This 
Discussion

Low Energy Radiation Measurement
The diffusion and the very large time expansion at low fields (see e.g., Fig. 3(d) ) suggests the use of the TEC for the detection of low energy radiation (E . 1 keV) with good energy resolution having the advantage of higher speed, providing a position resolution and large surface as compared to semiconductor detectors. The comparison to the measurement shows that for low threshold, the measured value is too small which can be explained by the dead time loss determined by the single cluster pulse width and the response of the discriminator. For larger cluster size, the deviation may be due to saturation effects of the gas gain. The relatively small increase of n for values 7 The third point is easily improved by the TEC since the speed of the anode signal remains the same but the drift time scale is expanded. Points 1 and 2 normally can be improved by providing a denser ionization, which is for minimum ionizing particles only possible by increasing the gas density, which has practical limits. Increasing the amount of ionization by increasing the gap thickness and measuring an appropriate mean of the leading edge of the anode signal gives no improvement, since only the first cluster arriving at the anode has a definite geometrical meaning which is the shortest distance between the track and the anode. The later arriving clusters do not contain useful time information because they don't follow straight field lines and are, due to their random distribution along the track, also randomly delayed. In the TEC, however, this time spread caused by the radial field around the anode wire is small (At < 5 ns) and corresponds, with the small drift velocity vdr, to a small position error AXr = vdr * At. Adding the effect of diffusion AX , a position resolution of AX z /(vdrAt) +AXD)2 can be reached with n, the number of detected clusters. Values of AX < 10 4m seem possible. Neglecting a short and almost constant delay, the grid can be considered as a "virtual amplification plane".
Conclusion
The TEC represents a new tool suitable for extended study of the ionization process (6- Drift velocity as a function of reduced field strength.
. 4 E/P(V/cm mmHg) 
